Aeidosis was found to diminish the effectiveness of various sympathomimetic amines (isoproterenol, norepinephrine, and epinephrine) in increasing the idioventricular rate in dogs with experimentally induced complete A-V heart block. This diminution was correlated with the degree of acidosis (metabolic and respiratory). Hyperkalemia without significant pH change had no such effect. I SOPROTERENOL, epinephrine and similar drugs have been shown to be effective in restoring cardiac activity during episodes of Stokes-Adams attacks and cardiac arrest from other causes.
I
SOPROTERENOL, epinephrine and similar drugs have been shown to be effective in restoring cardiac activity during episodes of Stokes-Adams attacks and cardiac arrest from other causes. However, in some of these states the sympathomimetic amiiies fail to restore cardiac beating or increase the slow idioventricular rate. Recent reports from our laboratory have shown that molar sodium lactate increased the heart rate in some cases of partial and complete A-V heart block and restored cardiac beating during the cardiac arrest of Stokes-Adams syndrome, hyperkalemia, surgery and in the terminal states when the sympathomimetic amines were ineffective. 3 " 4 In those cases which responded favorably to molar sodium lactate, acidosis and/or an electrolyte disturbance was observed prior to therapy. It would seem, therefore, that the nonresponsiveness of the idioventricular pacemaker to the sympathomimetic amines in some cases of cardiac standstill may be the result of electrolyte disturbances. Furthermore, the efficacy of molar sodium lactate in this state may be due not only to the amelioration of the hyperkalemia, but also to the correction of the blood pH towards more normal levels. Studies were therefore undertaken in an attempt to elucidate some of the underlying mechanisms involved in the alteration of cardiac rhythmicity and response to the sympathomimetic amines at various pH levels.
METHODS
The experiments were performed under light pentobarbital anesthesia (30 mg./Kg.) on young adult mongrel dogs weighing 15 to 25 Kg. Complete heart block was produced by injecting 2 to 4 nil. of 10 per cent formalin solution into the superior part of the interventricular septum by a direct right atrial needle puncture through a right lateral thoracotomy approach. 0 The exact site of formalin infiltration was the annulus of the septal leaflet of the tricuspid valve, 1.0 to 1.5 cm. anterior to the coronary sinus. This includes the region of the A-V node and its bifurcation into the right and left bundle. Necropsy of the heart showed hemorrhagic and/or fibrotic changes in the lower interatrial and the superior part of the interventricular septum. A mortality rate of 25 to 50 per cent occurred during the first 24 hours post-operatively. Following 7 to 10 days postoperatively, the animals were fully recovered and survival rate at this stage ranged from SO to 90 per cent.
Systemic blood pressure was recorded from the femoral artery with a Statham strain gage trans-*This method is a modification of the technic employed by Dr. Clemente Oca of Hahnemann Hospital, Philadelphia. FIG. 1. Effects of respiratory {A) and metabolic (B) acidosis on the idioveutricular rate/miii., total C0» content (vols. per cent of whole blood), blood pH (whole blood), and serum sodium and potassium (mEq./L.). Note that in respiratory acidosis, there was in addition, a progressive increase in serum potassium and a drop in serum sodium. In both instances, a marked decrease in idioventricular rate was noted. Note also the significant increase in the idioventricular rate following the withdrawal of COj inhalation ( 4 ) and partial correction of the metabolic acidosis (JS).
ducer and a direct writing Sanborn Twin-Viso recorder. The eleetrocardiographic lead (usually V 2 or V 3 ) which showed the most distinct P and T waves, and if possible an upright T wave, was selected for continuous monitoring. In each experiment the same lead was used so that a comparative analysis could be made.
Respiratory aeidosis was induced by inhalation of 20 per cent carbon dioxide in oxygen through a tracheal cannula for periods of 8 to 12 min. Metabolic acidosis was produced by intravenous (femoral) infusion of 8 to 10 mEq./Kg. of ammonium chloride (40 mEq./lOO ml. solution) for a period of 3% to 4 hours. Hyperpotassemia was produced by infusion of isotonic potassium chloride (0.4 to 0.5 mEq./Kg./min.) over a period of 30 min. to 1 hour. During these experiments, serial arterial blood samples (heparinized) were obtained from a femoral arterial catheter at appropriate periods in each of the different experimental conditions (acidosis and hyperkalemia) for determining changes in pH, CO 2 , O 2 , K, Xa and Cl. Whole blood pH was immediately measured in a Beckman pH meter at room temperature, with a correction of 0.01 pH for each degree below 37 C. 5 Blood O 2 and C0 2 content were determined by the method of Van Slyke and Neil.
0 Serum sodium and potassium were analyzed with an internal standard flame photometer.
In another series of experiments the circumflex branch of the left coronary artery was catheterized through one of the carotid arteries under fluoroscopic guidance." It has been demonstrated previously that drugs injected through the left circumflex artery affects the A-V nodal region, idioventricular pacemaker, and left ventricle. This technie, therefore, enabled us to administer drugs directly to a localized portion of the heart in doses large enough to elicit local response without producing systemic effects.
A total of 22 experiments were made on 12 dogs with chronic complete A-V heart block over a period of 2 months. Note also the changes in blood pH, serum Na and K (mEq./L.) and the idioventricular rate/min. after the withdrawal of CO 2 inhalation (respiratory acidosis) and molar sodium lactate infusion (metabolic aeidosis).
levarterenol and epinephrine were studied in the control state and during varying degrees of aeidosis and hyperkalemia, as well as after correction of these abnormal states. In a few experiments, small amounts of sodium lactate were given by the intraeoronary route to produce a transient change in pH in the area supplied by the left circumflex coronary artery without altering the state of metabolic aeidosis.
RESULTS
Ammonium Chloride Aeidosis. The blood electrolyte and electrocardiographic alterations resulting from ammonium chloride infusion are shown in figures IB and 2. The decreases in pH and total blood carbon dioxide content are associated with a significant rise in potassium and a fall in serum sodium levels. The electrocardiographic alterations consist of sinus slowing, atrial tachycardia and, some experiments, cessation of atrial activity, slowing of the idioventricular rate, peaking of the T wave, and progressive widening of the QRS complex ( fig. I S ) . These electrocardiographic changes are similar to the findings in hyperpotassemia. Partial correction of the aeidosis by intravenous infusion of molar sodium lactate (5 to 10 ml./Kg. total dose over a period of approximately 30 min.) resulted in a normalization of the electrocardiographic changes and in some instances an increase in the idioventricular rate which was significantly greater than the control rate ( fig. IB) .
Respiratory Aeidosis. Figures 1A and 2 show the typical electrolyte and electrocardiographic changes following inhalation of 20 per cent carbon dioxide in oxygen. There was no significant changes in serum potassium or sodium and only a slight to moderate decrease in atrial and ventricular rates; however, there was a marked increase of atrial and A r entricular rates immediately following cessation of carbon dioxide inhalation. In all experiments the heart rates returned to the control levels 5 to 8 min. after the withdrawal of hypercarbia.
Effects of Sympa.thomimetic Amines on Heart Rate During Various Degrees of Aeidosis. Before aeidosis (metabolic or respiratory) was induced, the response of each animal to various intravenous doses of the different sympathomimetic amines was determined. The amounts which increased the idioventricular rate by 30 to 40 per cent or more were as follows: isoproterenol (0.25 to 1 ^.g./Kg.), levarterenol (0.5 to 2 /xg./Kg.) and epinephrine (0.5 to 2 jug./Kg.). The effect of each of these on the idioventrieular rate in both types of aeidosis is shown in figures 3 and 4. A nearly linear correlation was found between the decrease in response of ventricular rate to the sympathomimetic amines and the degree of acidosis. In addition, there was a diminished rise in blood pressure.
Potassium Chloride Infusion. Acute hypsrkalemia induced in 3 dogs showed a progressive decrease in both atrial and idioventricular rates as the serum level rose. The decrease in the idioventricular rate was comparable to the cardiac slowing observed during metabolic acidosis with an elevated serum potassium ( fig. IS ). However, the pH level was not altered and the response to the sympathomimetic amines was not significantly changed.
Intracoronary Drug Injections. Intracoronaiy injections were made in 3 dogs to determine if acidosis directly alters the responsiveness of the idioventricular pacemaker to sympathomimetic amines. Tsoproterenol (0.002 to 0.05 jug./Kg.), levarterenol (0.025 to 0.1 ;'g./Kg.), and epinephrine (0.025 to 1 /.'.g./Kg.) injections in these dogs before acidosis was induced resulted in increases in idioventricular rate which were comparable to those observed followrig intravenous injections of these drugs. During acidosis, the positive chronotropic effect from intracoronary injections of sympathomimetic amines diminished according to the decrease in pH. At this time, injections of small amounts of alkalinizing agents (molar sodium lactate or sodium bicarbonate) were made in the left circumflex coronary artery to produce a transient change in the pH only within the vicinity of the idioventricular pacemaker. This resulted in a marked increase in the idioventricular rate ( fig. 5 ). Intracoronary injections of these alkalinizing agents into the same site were ineffective in increasing the idioventricular rate in the absence of acidosis.
DISCUSSIOX
The decrease in cardiovascular response to the sympathomimetic amines during acidosis has been reported by other investigators. 
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FIG. O.
Effect of injection of molar sodium lactate into the circumflex branch of the left coronary artery in a dog with complete A-V heart block and metabolic acidosis. The electrocardiographie Y t lead and femoral arterial pressures were taken simultaneously. Note the slow idioventricular rate produced by metabolic acidosis (first 3 ventricular beats in the first strip) and the subsequent effect of intracoronary injection of 2 ml. of molar sodium lactate. A significant increase in idioventricular rate is noted (rest of strip 1 continued, to strip 2). With the disappearance of the transient local alkalinizing effect of molar sodium lactate, idioventricular rate returned to an even slower rate (end of strip £).
suggest the possible role of acidosis in the precipitation and maintenance of StokesAdams seizures. The ancillary studies with respiratory aeidosis (decreased pH and normal potassium levels) and hyperkalemia (normal pH with elevated potassium levels), show that the decrease in pH appears to he the most important factor in the results. Furthermore, intracoronary injection of an alkalinizing agent (molar sodium lactate) during acidosis suggests that local correction of the pH in the idioventricular pacemaking center "releases" it from the depressant effect of the acidosis. It is interesting to note that while both acidosis and hyperkalemia depressed the idioventricular pacemaker, only a decrease in pH antagonized the positive chronotropic action of the sympathomimetic amines.
Of further interest is the spontaneous increase in the idioventricular rate with partial correction of acidosis or with local correction of the pH in the pacemaking center by intracoronary injection of small amounts of molar sodium lactate. It would seem that the "release" of the idioventricular focus from depression caused by the low pH resulted in an effective positive chronotropic action from the circulating endogenous epinephrine and/or norepinephrine, since these sympathomimetic amines have been reported to be elevated during hypercapnia. 13 " 13 The occurrence of an identical response to pH correction in metabolic acidosis suggests that a similar mechanism may be present in this state.
Recently, we have observed three clinical cases with complete A-V heart block and acidosis in whom the response to isoproterenol was minimal and brief. However, after correction of the acidosis with molar sodium laetate, A-V conduction was improved and the chronotropic effect of isoproterenol was more marked and lasting (unpublished observations). This would seem to indicate that the variation in response to molar sodium lactate in complete A-V heart block and Stokes-Adams seizures in man 2 -3 -10 may be 'influenced in a large measure by the presence or absence of acidosis when therapy is instituted.
SUMMARY
The eifectiveness of the various sympathomimetie amines (isoproterenol, levarterenol and epinephrine) in increasing idioventricular rate under conditions of metabolic acidosis, respiratory acidosis and hyperkalemia was studied in 12 adult mongrel dogs with chronic complete A-V heart block. It was sliown that a decreased effectiveness of the 3 amines to accelerate the idioventricular rate occurred during metabolic or respiratory acidosis. The diminished response paralleled the degree of acidosis. During hyperkalemia no significant change in blood pH occurred and the effectiveness of the sympathomimetic amines remained unaltered. Furthermore, correction of the acidosis with alkalinizing agents (molar sodium lactate) resulted in restoration of the effectiveness of the sympathomimetic amines. Direct injections of molar sodium lactate into the left circumflex coronary arteiy during acidosis resulted in an increase in the idioventricular rate, suggesting that correction of the pH in the region of the pacemaker may have enhanced its responsiveness to circulating endogenous sympathomimetic amines.
These studies therefore suggest that the refractoriness to the sympathomimetic amines is due to the lowered pit and that correction of the latter restores their effectiveness. ACKNOWLEDGMENT We wish to express our appreciation to Drs. Clemente Oca and Arthur P. Geis of Hahnemann Hospital for demonstrating to one of the authors (S.V.G.) the technie of producing complete A-V heart block.
SUMMARIO IN INTERLINGUA
Le effieacia del varie amines sympathomimetic-i.e. de isoproterenol, levarterenol, e epinephrina-como augmentatores del frequentia idioventricular sub conditiones de acidosis metabolic, acidosis respiratori, e hyperkaliemia esseva studiate in 12 adulte canes bastarde con chronic e complete bloco atrioventrieular. Esseva monstrate que le effieacia del 3 mentionate aminas eomo acceleratores del frequentia idioventricular oceurre durante acidosis metabolic o respiratori. Le reduction del responsa esseva parallel al grado del acidosis. Durante hyperkaliemia, nulle significative alteration del pH del sanguine esseva constatate, e le afficacia del aminas sympathomimetic remaneva intacte. In plus, le correction del acidosis per medio de agentes alcalinisante (molar lactato de natrium) resultava in le restauration del effieacia del aminas sympathomimetic. Injectiones directe de molar lactato de natrium in le sinistre arteria coronari circumflexe durante le acidosis restiltava in un augmento del frequentia idioventricular, un facto que pare indicar que le correction del pH in le region del pacemaker augmentaya su responsivitate a circulante endogene aminas sympathomimetic.
Ergo il pare que le presente studios dernonstra que le refractorietate contra le aminas sympathomimetic es le effecto de un reducite pH del sanguine e que le correction de iste aspecto restaura le effieacia del amines.
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